default endocytic maturation pathway, which leads to phagolysosome formation in macrophages [7,8]. However, no information is available on the endocytic fate of this organism after its internalization by oral epithelial cells. The central hypothesis of this work is that C. albicans subverts epithelial endocytic pathways and avoids the fusion of early endocytic vesicles with lysosomes. To investigate our hypothesis, we examined the movement of C. albicans through oral epithelial endocytic compartments.
Introduction
Oral epithelial cells are the fi rst to interact with Candida albicans ( C. albicans ) during the establishment of oropharyngeal candidiasis. Following initial adhesion, C. albicans invades the oral epithelial cells by inducing its own endocytosis and gains access to epithelial vacuolar compartments [1 -4] . This process is thought to be critical in the pathogenesis of oropharyngeal candidiasis, as it precedes host cell damage and correlates well with the virulence of the yeast [1, 2] . Epithelial endocytic pathways are key elements in the innate immune mechanisms in host defense. Following internalization by host cells, microbial organisms are coated by a membrane-bound endosome and targeted to lysosomes for degradation [5] . During this process, the developing endolysosome fuses with distinct intracellular vesicles, and incorporates hydrolytic enzymes and proton pumps that lead to changes in the intravesicular pH [6] . C. albicans has developed strategies to avoid the Cambridge, MA). Cells were maintained in keratinocyte serum free medium (KSFM) supplemented with 0.1 ng/ml epidermal growth factor, 50 μ g/ml pituitary bovine extract, 0.4 mM CaCl 2 and antibiotics (100U/ml penicillin; 100U/ml streptomycin). Primary cultures were established from discarded gingival tissues obtained anonymously from systemically healthy donors undergoing periodontal surgical procedures. Briefl y, to establish oral epithelial cell cultures, tissues were washed in gentamicin-supplemented media and incubated overnight in 0.4% dispase. Next, the epithelial layer was separated from the underlying connective tissue and incubated in 0.05% trypsin/0.53mM EDTA. After trypsin neutralization, cells were maintained in EpiLife media (Cascade Biologics Inc., Portland, OR, USA), supplemented with antibiotics. Primary cells were used between passages 3 and 5.
Co-culture of C. albicans with epithelial cell monolayers
Stationary-phase yeast cells were prepared by growth for 18 h at room temperature in YPD broth supplemented with 2% (wt/vol) dextrose. The fungal cells were harvested by centrifugation and washed in phosphate-buffered saline (PBS). Subsequently, yeast cells were counted with a hemacytometer, and the fi nal concentration was adjusted in complete KSFM or EpiLife medium before the fungal cells were added to oral epithelial cells. Heat-killed yeast cells were prepared as described above, except that stationary-phase yeast cells were heated at 60 ° C for 2 h before fi nal resuspension. To generate heat-killed hyphae, live stationary-phase yeast cells were grown for 4 h at 37 ° C in KSFM or EpiLife medium. After 4 h, more than 95% of yeast cells had formed hyphae which were then heat-killed by exposure for 2 h to 60 ° C and resuspended in KSFM or EpiLife medium.
Epithelial cells were seeded onto glass coverslips contained in 6-well polystyrene plates (4 ϫ 10 5 /well), and were incubated overnight in complete KSFM or EpiLife medium at 37 ° C in a 5% CO 2 atmosphere. Preliminary studies have demonstrated that after 18 h of incubation oral epithelial cells double in number. The following day, the cells were challenged with suspensions of stationary-phase viable organisms (8 ϫ 10 5 /well) at a ratio of 1:1 fungal to epithelial cells for up to 6 h. Negative controls included uninfected epithelial cultures, C. albicans alone and oral epithelial cells incubated with heat-killed yeast-and hyphal phases of the fungus.
Internalization of C. albicans by oral epithelial cells
Confocal laser scanning microscopy . To quantify the intercellular presence of C. albicans during challenge of oral epithelial cells, co-cultures were analyzed by confocal microscopy. At designated time points, oral epithelial-C. albicans co-cultures were permeabilized, and blocked with goat normal serum (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) at a 20-fold dilution for 30 min. Next, cultures were incubated for 1 h with rabbit polyclonal fl uorescein isothiocyanate (FITC)-conjugated antibody against C. albicans (1:50; Meridian, Saco, ME) and then stained for 40 min with tetramethyl rhodamine isocyante-conjugated (TRITC) phalloidin (0.1 μ g/ml) to detect actin microfi laments. Stained cultures were analyzed by confocal laser scanning microscopy. Final confocal images were produced by combining multichannel recordings of optical sections. Percentage of internalized C. albicans cells was scored by analysis of 100 fungal cells per time point. To gain insight into the molecular mechanisms by which C. albicans is internalized by oral epithelial cells, the latter were preincubated with KSFM or EpiLife supplemented with or without; (a) actin inhibitor cytochalasin D (0.2 μ M), (b) microtubule inhibitor colchicine (10 μ g/ml), (c) clathrin-mediated endocytosis inhibitor chlorpromazine hydrochloride (10 μ g/ml), and (d) caveola-mediated endocytosis inhibitor fi lipin III (3 μ g/ml) for 30 min, followed by infection in the presence or absence of these inhibitors.
Transmission electron microscopy . Transmission electron microscopy (TEM) analyses were performed to confi rm the intercellular presence of C. albicans during challenge of epithelial cells. For these experiments the upper compartments of 24-transwell polystyrene plates were seeded (4 ϫ 10 4 cells/well), to allow the epithelial cells to adhere overnight at 37 ° C in the presence of 5% CO 2 . Stationaryphase viable, and heat-killed C. albicans (1 ϫ 10 4 yeast cells suspended in 0.1 ml of KSFM) were added to the upper compartments. After 4 h of incubation, the transwell insert was removed and cultures processed as previously described [11] .
Characterization of the nature of C. albicans -containing endocytic vesicles. Endolysosome formation was investigated by analyzing aggregation of early endosome, late endosome, and lysosome protein markers around internalized fungal cells using confocal laser microscopy. Early endosomal antigen-1 (EEA1) had been localized exclusively on early endocytic compartments, and was used as a marker protein for the identifi cation of early endosomes. Likewise, detection of lysosomal-associated membrane protein 1 (LAMP1) and cathepsin D allowed the identifi cation of late endosomes and lysosomes, respectively. In brief, oral epithelial-C. albicans co-cultures were permeabilized, blocked with goat normal serum, and incubated for 1 h with rabbit polyclonal FITC-conjugated C. albicans antibody (1:50; Meridian, Saco, ME), TRITC-phalloidin endocytosis inhibitor fi lipin III. Internalization of C. albicans by OKF6/TERT2 was not affected by fi lipin III (Fig.  1A) but was signifi cantly reduced by 76.8% Ϯ 2.6% when infection was carried out in the presence of CPH ( P ϭ 0.00009) (Fig. 1A) . Similar results were obtained with primary oral epithelial cells (data not shown). TEM analysis of oral epithelial cells infected with C. albicans revealed that the former produced membrane protrusions at contact sites with C. albicans (Fig. 1B) , and that C. albicans became included in membrane-bound endocytic compartments following its internalization (Fig. 1B) .
Maturation of C. albicans-containing endosomes
Maturation of C. albicans -containing endosomes was evaluated by analyzing the spatial relationship between internalized fungal organisms and early endosomal, late 
Statistical analyses
The frequency of C. albicans internalization by oral epithelial cells treated in the absence or presence of cytochalasin D, colchicine, chlorpromazine hydrochloride, and fi lipin III was compared by one-way analysis of variance (ANOVA). The frequency of live and heat-killed internalized C. albicans surrounded by endocytic marker proteins was compared by ANOVA. A value of P Ͻ 0.05 was considered statistically signifi cant.
Results

C. albicans is internalized via clathrin-mediated endocytosis
Maximal levels of fungal internalization by oral epithelial cells occurred after 3 h of infection, and longer incubation of C. albicans with epithelial cells did not result in additional internalization (data not shown). Whereas heat-killed hyphae were internalized by oral epithelial cells, heatkilled yeast-phase cells did not adhere and were not internalized (data not shown). Internalization of C. albicans by OKF6/TERT2 was primarily mediated by rearrangements of the actin fi laments. Accordingly, treatment of OKF6/ TERT2 with actin inhibitor cytochalasin D signifi cantly reduced the internalization of C. albicans by 87.3% Ϯ 1.1% ( P ϭ 0.00006), without interfering with the ability of C. albicans to adhere to oral epithelial cells (Fig. 1A) . On the other hand, treatment of OKF6/TERT2 with microtubule inhibitor colchicine had no effect on the internalization of C. albicans by oral epithelial cells (Fig. 1A) . Similar results were obtained with primary oral epithelial cells (data not shown).
Endocytosis of microbial organisms involves either clathrin-or caveola-mediated pathways. To determine the endocytic route involved in the internalization of C. albicans by oral epithelial cells, experiments were carried out in the presence of clathrin-mediated endocytosis inhibitor chlorpromazine hydrochloride (CPH) or caveola-mediated endosomal, and lysosomal marker proteins. Aggregation of EEA1 around C. albicans peaked at 3 h postinfection, at which time, 33.0% Ϯ 2.0% of the fungal cells were surrounded by this early endocytic marker (Fig. 2 ). In contrast, only 18.9% Ϯ 2.0% of the heat-killed hyphal phase yeasts were encircled by EEA1 (Fig. 2) . The difference between the frequency of live and heat-killed organisms surrounded by EEA1 was statistically signifi cant ( P ϭ 0.0001). The frequency of internalized live organisms surrounded by LAMP1 peaked at 4 h postinfection at 13.4% Ϯ 3.2% (Fig. 3) . Similarly, 16.5% Ϯ 3.0% of internalized heat-killed SC5314 were decorated by LAMP1 (Fig. 3) . Cathepsin D immunoreactivity surrounding C. albicans also peaked at 4 h postinfection (not shown). At which time, the percentage of internalized live and heat-killed organisms surrounded by cathepsin D was 12.7% Ϯ 1.9% and 10.9% Ϯ 2.6%, respectively (Fig. 4) .
Discussion
We present evidence that C. albicans is internalized by oral epithelial cells primarily through actin-dependent clathrinmediated endocytosis and is included in vacuolar compartments immediately following its internalization. Following internalization, most microbial organisms are coated by a membrane-bound endosome and targeted to lysosomes for degradation. We found that although 30% of internalized C. albicans were encircled by an early endocytic marker, only 10% became associated with late endocytic or lysosomal markers . Our fi ndings are in agreement with previous studies showing that C. albicans resists destruction by macrophages by interfering with classical endolysosomal maturation at the early endosome stage [7, 8] . Several pathogenic organisms have evolved strategies to adapt to, modify, or evade pathways that regulate membrane traffi cking and endolysosome formation after their internalization by oral epithelial cells to avoid intracellular killing [12, 13] . Endosomes containing both live and heat-killed hyphal-phase C. albicans transiently acquired EEA1, but showed marked defects in acquisition of LAMP1 and cathepsin D. This fi nding suggests that heatresistant components intrinsic to C. albicans cell wall interfere with the maturation of C. albicans -containing epithelial endosomes. Defective endolysosomal maturation may partially explain the inability of oral epithelial cells to kill C. albicans . The relevance of this is indicated by the impaired clearance of C. albicans in the oral mucosa of immunocompromised and immunosuppressed patients. Future studies should investigate molecular mechanisms that govern endosome maturation arrest after C. albicans internalization by oral epithelial cells. Elucidating the mechanisms by which C. albicans interferes with epithelial endolysosomal maturation might reveal a new set of Candidal virulence properties that contribute to C. albicans survival and ability to cause oropharyngeal candidiasis. 
